Unlike in other organisms, in trypanosomes and other Kinetoplastida the larger part of glycolysis takes place in a specialized organelle, called the glycosome. At present it is impossible to remove the glycosome without changing much of the rest of the cell. It would seem impossible, therefore, to assess the metabolic consequences of this compartmentation. Therefore, we here develop a computer experimentation approach, which we call computational cell biology. A validated molecular kinetic computer replica was built of glycolysis in the parasite Trypanosoma brucei. Removing the glycosome membrane in that replica had little effect on the steady-state flux, which argues against the prevalent speculation that glycosomes serve to increase flux by concentrating the enzymes. Removal of the membrane did cause (i) the sugar phosphates to rise to unphysiologically high levels, which must have pathological effects, and (ii) a failure to recover from glucose deprivation. We explain these effects on the basis of the biochemical organization of the glycosome. We conclude (i) that the glycosome protects trypanosomes from the negative side effects of the ''turbo'' structure of glycolysis and (ii) that computer experimentation based on solid molecular data is a powerful tool to address questions that are not, or not yet, accessible to experimentation.
T
he Embden-Meyerhof pathway of glucose metabolism (glycolysis) is widespread. In most organisms the glycolytic enzymes reside in a single cellular compartment, the cytosol. An intriguing exception is trypanosomes and other organisms of the order Kinetoplastida, where the first part of glycolysis takes place in specialized organelles, called glycosomes ( Fig. 1) (1) . Trypanosoma brucei is the parasite that causes African sleeping disease. When living in the mammalian bloodstream, this unicellular eukaryote is completely dependent on glycolysis for its ATP production. Bloodstream-form trypanosomes contain 65 (2) to 250 (3) glycosomes, comprising 4% of the total cellular volume (3) . The glycosomal membrane is impermeable to metabolites and coenzymes (4) (5) (6) (7) . Glycolytic enzymes that are highly regulated in other organisms appear to be unregulated in trypanosomes. For example, glucose 6-phosphate (Glc-6-P) strongly inhibits mammalian hexokinase (HK) I, II, and III (8) but does not affect trypanosome HK (9) . The importance of regulation of yeast HK was demonstrated by a mutant that does not synthesize the yeast HK inhibitor trehalose 6-phosphate (10) . When this mutant was challenged with glucose, the ATP concentration dropped, whereas Glc-6-P accumulated (11) (12) (13) (14) . It has been shown that there is a danger of unrestricted accumulation of intermediates if the design of a pathway is such that ATP is invested before its net production. The investment of ATP makes the first reactions virtually irreversible and thereby insensitive to the rest of the pathway. Therefore, a tight regulation of the first steps of such pathways is vital (15) . Until now it is clear neither why trypanosomes do not need such regulation nor whether and how the compartmentation of glycolysis is advantageous to trypanosomes.
It has been shown experimentally that correct compartmentation of glycolytic enzymes is required for viability of T. brucei (7) . Glycosomes seem to be essential organelles for trypanosomes. This possibility is suggested by the observation that cell lines in which both alleles of the peroxin gene were deleted could not be obtained. Peroxin 11 is a protein involved in the biogenesis of glycosomes (16) . It has been speculated that the glycosome enables trypanosomes to maintain their high glycolytic flux. Confinement of the enzymes to a small volume was proposed to overcome a postulated diffusion limitation (5, 17, 18) . However, calculations based on the catalytic turnover numbers and concentrations of the glycolytic enzymes and on diffusion coefficients made a diffusion limitation highly unlikely, even if the enzymes were dispersed over the total cell volume (19, 20) . The latter work has, however, not yet led to a new hypothesis explaining why compartmentation of glycolysis is advantageous. A direct comparison between the physiology of organisms with and without glycosomes is unlikely to yield such an explanation either, because these organisms are also highly different in many other respects. However, an approach that combines experimentation with computation might be fruitful. The kinetics of the glycolytic enzymes of bloodstream-form T. brucei are known and have been used to develop a detailed and validated mathematical model of its glycolysis (21, 22) . We here use this computer replica of the real T. brucei glycolysis to investigate what would happen if trypanosome glycolysis were not compartmentalized.
Materials and Methods
Model Description. Two models of trypanosome glycolysis, differing only in the presence versus absence of the glycosome, were compared. The model with the glycosome has been described previously (21) . We implemented the modifications in ref. 22 . A complete set of equations and parameters is available as supplementary material to this article on the PNAS web site (www.pnas.org). The model without the glycosome contains the following modifications of the original compartmentalized model:
(i) Metabolite transporters across the glycosomal membrane are absent.
(ii) There is only a single pool of ATP, ADP, and AMP, rather than distinct glycosomal and cytosolic pools.
(iii) The sum of bound phosphates is not conserved.
(iv) The same amounts of the same enzymes have been diluted into the whole cytosol.
This led to the following set of differential equations.
in which:
and
In these equations PFK is phosphofructokinase, ALD is aldolase, GAPDH is glyceraldehyde-3-phosphate dehydrogenase, GDH is glycerol-3-phosphate dehydrogenase, GPO is glycerol-3-phosphate oxidase, PGK is phosphoglycerate kinase, N is defined by Eq. 13, PYK is pyruvate kinase, GK is glycerol kinase, Fru-6-P is fructose 6-phosphate, Fru-1,6-BP is fructose 1,6-bisphosphate, 1,3-BPGA is 1,3-bisphosphoglycerate, 3-PGA is 3-phosphoglycerate, 2-PGA is 2-phosphoglycerate, PEP is phosphoenolpyruvate, Gly-3-P is glycerol 3-phosphate, and P is defined by Eq. 14. The enzyme rates v were expressed in nmol⅐min Ϫ1 ⅐(mg protein)
Ϫ1
, the time t in min, the metabolite concentrations in mM, and the total cell volume V tot in l⅐(mg protein)
. The enzyme kinetic equations and parameters were the same in both models and have been described previously (ref. 21 , with the modifications in ref. 22 ). The concentrations of ATP, ADP, and AMP were calculated by solving a set of three equations-i.e., Eq. 14, the conservation equation for adenine nucleotides, and the equilibrium equation of adenylate kinase (see supplementary material for details).
All simulations applied to aerobic conditions, at zero concentrations of the products, pyruvate and glycerol. The sum of the concentrations of ATP, ADP, and AMP was taken to be 4 mM, both in the cytosol in both models and in the glycosome in the model containing it. The V max of pyruvate export from the cells was 200 nmol⅐min Ϫ1 ⅐(mg cell protein)
, as in ref. 22 , where this modification should have been mentioned as well.
Software. All simulations were performed with MLAB (Civilized Software, Bethesda, MD). The time-dependent simulations were done with a Gear-Adams algorithm. Steady states were solved by a Marquardt-Levenberg algorithm.
Determination of Enzyme Concentrations in Saccharomyces cerevi-
siae. S. cerevisiae strain CEN.PK122 was cultivated in batch cultures on glucose as the carbon source. Enzyme activities and glycolytic flux were measured off-line as described previously (23) . Enzyme concentrations were calculated from measured enzyme activities and in vitro kinetics of purified enzymes (24-31). Solid lines represent reactions catalyzed by a single enzyme; dashed lines represent multiple sequential reactions. Glc-6-P, glucose 6-phosphate; Fru-1,6-BP, fructose 1,6-bisphosphate; GA-3-P, glyceraldehyde 3-phosphate; 1,3-BPGA, 1,3-bisphosphoglycerate; 3-PGA, 3-phosphoglycerate; DHAP, dihydroxyacetone phosphate; Gly-3-P, glycerol 3-phosphate.
Results

The Glycosome Does Not Increase the Flux by Concentrating the
Enzymes. Since it has been proposed that the high glycolytic flux in trypanosomes is due to the compartmentation of glycolysis (5), the first question we addressed was whether the glycolytic flux became higher if the enzymes converting glucose to 3-phosphoglycerate were confined to the glycosome rather than dispersed in the cytosol. On the basis of previous calculations (19, 20) , diffusion was taken to be not rate-limiting. The steady-state flux was calculated as a function of the blood glucose concentration, both with and without the glycosome. Only at glucose concentrations exceeding 5 mM was the glycolytic flux slightly higher in the presence of the glycosome than in its absence (4% at 10 mM). In view of the fact that this small effect was noticed only at glucose concentrations that are unphysiologically high, and were probably not encountered by ancestral kinetoplastids, we consider it unlikely that this has provided the selective advantage for the origin of the glycosome.
An argument in favor of the hypothesis that the glycosome serves to increase the glycolytic flux has been the observation that in other organisms with a high flux, yet lacking the glycosome, the glycolytic enzymes represent a much larger part of the total cellular protein (5) . To allow such a comparison, however, the flux and the amount of glycolytic enzymes should be measured under the same conditions. When this was done, it turned out that batch-grown S. cerevisiae cells have a 2-fold higher flux than does T. brucei and a less than 2-fold higher glycolytic-protein content (Table 1 ). This finding demonstrates that an organism that lacks the glycosome can reach a glycolytic flux per amount of glycolytic protein similar to that of T. brucei.
The Glycosome Does Prevent Extreme Accumulation of the Hexose
Phosphates. In search for possible consequences of the compartmentation of glycolysis, the steady-state concentrations of all metabolites were calculated both in the presence and in the absence of the glycosome. Substantial differences between these two conditions were found for the substrates and products of HK and phosphofructokinase (PFK) (Fig. 2) . In the glycosome the concentrations of Glc-6-P and fructose 1,6-bisphosphate (Fru-1,6-BP) remained within a narrow range, independently of the extracellular glucose concentration. When the glycosomal membrane was removed, however, Glc-6-P and Fru-1,6-BP accumulated up to 100 mM. Were this to happen in reality, the cells would probably undergo osmotic swelling and burst or suffer from phosphate depletion.
There were two causes of the difference between the cells with and without a glycosome. First, the sum of the concentrations of the organic phosphate that is not exchanged with inorganic phosphate is conserved within the glycosome (22) . Consequently the hexose phosphates cannot accumulate above the fixed total of glycosomal organic phosphate. In the absence of the glycosomal membrane this restriction disappears, so that the hexose phosphates can accumulate. Second, the glycosomal [ATP]͞ [ADP] ratio behaved completely independently of the cytosolic [ATP]͞[ADP] ratio (Fig. 2d) . When the extracellular glucose concentration was increased, the intracellular glucose concentration followed (Fig. 2a) , thereby stimulating HK. In the absence of the glycosome, HK and PFK were further activated by the increasing cytosolic [ATP]͞[ADP] ratio. Because these kinases are only weakly inhibited by their products Glc-6-P and Fru-1,6-BP, respectively (9, 32, 33) , these metabolites could accumulate to very high concentrations before a steady state was reached. When HK and PFK were confined to the glycosome, they were inhibited by the decreasing glycosomal [ATP]͞[ADP] ratio and, consequently, a steady state was obtained at much lower concentrations of Glc-6-P and Fru-1,6-BP.
The Glycosome Keeps the Starving Cell from Consuming the ATP
Required to Reinitiate Glycolysis. The ''turbo'' design of glycolysis (15) is such that ATP is invested first, before net production takes place. During starvation the cell should maintain a basal ATP level (or potential to synthesize it) to be able to utilize glucose as soon as it becomes available. Trypanosomes do not store carbohydrates. How then do they deal with short periods of starvation? Within the glycosome the sum of the concentrations of phosphorylated metabolites is conserved, since the phosphate group is transferred from one compound to another, but not converted to inorganic phosphate (21, 22) . The question arises whether this pool of phosphorylated metabolites can serve as the free-energy storage required to start up glycolysis after brief starvation.
To test this hypothesis computer-model cells were subjected to Only the glycosomal enzymes of T. brucei were taken into account. For yeast, alcohol dehydrogenase was taken rather than glycerol-3-phosphate dehydrogenase, since it fulfills the same function (glycolytic redox balance). Glycolytic flux was defined as glucose consumption rate, which equals half the aerobic pyruvate production rate (22) in the case of T. brucei and half the anaerobic ethanol production rate in the case of S. cerevisiae. When T. brucei is compared to S. cerevisiae, the glycolytic flux is almost proportional to the amount of glycolytic protein.
a low (''starvation'') glucose concentration until a steady state was reached. Suddenly, the glucose concentration was increased to a normal level (5 mM). If the initial glucose concentration was too low (0.01 mM), the uncompartmentalized cells did not recover when glucose became available ( Fig. 3a; dashed line) . The cells containing a glycosome rapidly increased their cytosolic ATP concentration to a normal level ( Fig. 3a; solid line) .
At 0.01 mM glucose the cytosolic ATP concentration had dropped to zero, irrespective of the presence of the glycosome (Table 2) . Consequently, if HK resided in the cytosol, it had no ATP available to phosphorylate glucose when it was taken up. Meanwhile the glycosomal ATP concentration sufficed to saturate HK (Table 2 ) and to reinitiate glycolysis. If the glucose concentration was not lower than 0.05 mM during the preincubation, the uncompartmentalized cells maintained a sufficiently high ATP concentration to allow 8% of the maximal HK activity (Table 2 ). This activity allowed glycolysis to start again, albeit hesitantly (note the initial drop in ATP) and more slowly than in cells with a glycosome (Fig. 3b) In general, the time needed for the transition from one steady state to another depends not only on the activities of the enzymes but also on the size of the metabolite pools they have to fill (34) . Glycosomes constitute only 4% of the total cellular volume (3). Consequently, the metabolite pools to be filled are smaller if part of glycolysis is localized in the glycosome. We wondered whether this volume effect also contributed to the more rapid transition time of the compartmentalized glycolysis (Fig. 3b) . This was not the case. When the glycosomal volume was varied between 50% and 200% of its normal volume (at constant concentrations of the conserved sums, either at constant total volume or at constant cytosolic volume) no effect was observed on the dynamics of the cytosolic ATP concentration during the transition from 0.05 to 5 mM glucose.
Discussion
We have investigated the consequences of compartmentation of glycolysis by comparing two models of T. brucei glycolysis: one with a glycosome and one in which the glycosomal enzymes and cofactors had been diluted into the whole cytosol. Here we shall discuss whether the differences between these two conditions provide clues concerning a possible function of the glycosome.
Our calculations do not support the prevailing hypothesis that the glycosome serves to maintain a high glycolytic flux (5, 17, 18) : cells with and without compartmentation consumed glucose almost equally rapidly over a wide range of blood glucose concentrations. In a simple, linear metabolic pathway compartmentation should not affect the steady-state flux at all, unless the transport of metabolites across the compartment membrane controls the flux. In trypanosome glycolysis, however, the situation is more complicated, because the cytosolic kinases interact with an adenine-nucleotide pool that differs from the one with which the glycosomal kinases interact. The glycosomal ATP concentration is determined by the balance between its production by phosphoglycerate kinase and glycerol kinase and its consumption by HK and PFK. The cytosolic ATP concentration is balanced by pyruvate kinase and the utilization of ATP in free-energy-requiring processes. If the glycosomal membrane is removed, there is only a single ATP concentration, which is balanced by all above processes together. This caused the slight difference between the glycolytic flux in the presence versus absence of the glycosomal membrane, but it did not lead to any substantial difference. In fact, although T. brucei metabolizes glucose very rapidly as compared with several mammalian cell types, its glycolysis is not particularly fast compared with some other organisms that lack the glycosome (20) . Moreover, most other Kinetoplastida, which all carry glycosomes, do not have such a high flux.
One conspicuous difference between trypanosomes and other eukaryotes is the lack of regulation of HK and PFK in the former. Unrestricted accumulation of intermediates tends to occur especially if enzymes in the beginning of a pathway are kept far from equilibrium by the continuous investment of ATP, as is the case in many catabolic pathways, including glycolysis. Therefore, tight regulation of such enzymes is necessary (15) . Indeed, the products of the unregulated trypanosome HK and PFK accumulated up to 100 mM when the glycosomal membrane was removed in our calculations. This ''phenotype'' was reminiscent of the S. cerevisiae mutant that is unable to synthesize the HK inhibitor trehalose 6-phosphate (11) . When the first part of glycolysis took place in glycosomes, the hexose phosphates did not accumulate. This finding is consistent with experiments: the highest estimated glycosomal concentrations based on experimental data are 4 mM Glc-6-P, 2 mM fructose 6-phosphate, and 2 mM Fru-1,6-BP (35) . The explanation is that the kinase activities inside the glycosome were restrained by the decreasing glycosomal [ATP]͞[ADP] ratio in the organelle. When the glycosomal membrane was removed the kinases were stimulated by the increasing cytosolic [ATP]͞[ADP] ratio. Thus the compartmentation of the adenine-nucleotide pool in trypanosomes can substitute for the tight regulation of the kinases as found in yeast and mammals (15, 36) .
From phylogenetic trees it has been concluded that the glycosomal enzymes diverged from their homologues in other eukaryotes early in evolution (37, 38) . While the core structure of the glycolytic enzymes and their catalytic mechanisms have been conserved extremely well during evolution, their regulation differs substantially among the different phylogenetic groups (39) . Possibly, when Kinetoplastida acquired the glycosome, the glycolytic enzymes of the latter were less tightly regulated than are the present-day enzymes of other eukaryotes. Compartmentation of glycolysis should have given these cells an advantage at that time (40) . After acquiring the glycosome, Kinetoplastida may have lost all, by then redundant, regulation, thereby turning the compartmentation of glycolysis into an irreversible event.
The investment of ATP in the initial steps of a pathway may lead not only to overactive first steps but also to a situation in which the pathway cannot get started because of a depletion of ATP. This indeed occurred in the model where glycolysis was not compartmentalized. In contrast, if the first enzymes were localized in the glycosome, the conserved glycosomal pool of phosphorylated metabolites ensured a sufficiently high local ATP concentration to utilize the available glucose after a short period of starvation. For T. brucei this may be relevant, because it does not contain any storage carbohydrates to guarantee a basal ATP production when an exogenous carbon source is lacking. In this study it was assumed that the pool of phosphorylated compounds was completely conserved, but in reality this pool may be emptied slowly by hydrolysis of, for example, glycosomal ATP or 1,3-bisphosphoglycerate. If so, this pool can serve only transiently as an ATP-equivalent storage device. Consistently, T. brucei does survive starvation, but only for 10 min at 37°C (41) . Leishmania and Crithidia species, other members of the order Kinetoplastida, survive several hours of carbon starvation (42, 43) , perhaps because they contain the storage compound polymannose (mannan).
It is difficult to infer from the above results which selective advantage a specialized glycolytic organelle offered to the ancestral kinetoplastids. Two possible advantages that glycosomes may have for present-day bloodstream-form trypanosomes were identified in this paper: (i) they serve as an alternative to a tight regulation of HK and PFK and (ii) they ensure a sufficiently high ATP level to initiate glycolysis after a brief period of starvation. Of course, the fact that the glycosome provided the observed advantages does not prove that these are the functions of the glycosome. But then, the same could be said for any corresponding evidence obtained by removing the glycosomal membrane experimentally.
The result that, in the absence of the glycosome, glycolysis should be hazardous to the cell is in itself surprising. It is because of the autocatalytic nature of the glycolytic pathway: two ATP molecules are invested to make the beginning of the pathway (9) . In the absence of a glycosome the cytosolic concentrations of ATP and ADP were used, and if HK was localized in the glycosome, the glycosomal concentrations of these compounds were used.
irreversible, but four molecules of ATP are recovered at the end. In principle, this can lead to an autocatalytic acceleration of the pathway and an ''explosion,'' or at least a gross derangement such as would have been caused by 200 mM hexose phosphates. On the other side of the spectrum of possibilities, an autocatalytic pathway like this can be trapped in a ''stalling'' or ''death state'' when the concentration of ATP becomes too low to get the pathway started (44) . Many catabolic (i.e., free-energyharvesting) pathways are autocatalytic in the above sense. In the case of glycolysis it has been shown that this is optimal for flux (45) . Accordingly, organisms need gadgets that prevent the stalling and explosion side effects of the optimal pathway structure. In this paper it was demonstrated that one effective gadget is the glycosome, by its nature of setting an upper and a lower limit to the total concentration of organic phosphates. Alternatives include an extensive regulation of HK plus the availability of storage compounds, which appears to occur in yeast (15) .
We reached these conclusions by a strategy that to our knowledge is new to cell biology-i.e., by computer experimentation on a model of the real system. Of course, computer modeling as such is not new to cell biology. For instance, the feasibility of cell-cycle models has been checked by mathematical modeling (46) . And microtubule dynamics have been simulated with computer models (47) . However, these models were neither precise nor validated as they addressed the feasibility of a hypothesis. We emphasize that the computer experimentation performed here is a special type of computer modeling. For most computer modeling one does not need precise knowledge of all parameters of the system under study. Some or even all parameters can be fitted; the question then addressed is whether one can obtain a computer model that simulates the observed behavior. By contrast, computer experimentation is meant to substitute for true experimentation. Accordingly it has to be based on precise kinetic knowledge of the molecular components of the system, rather than on fitted parameter values. Only when this condition is met can the calculated result be trusted to be realistic. In our example here, the required manipulation was the removal of the glycosomal membrane without otherwise affecting the cell. At present this is not a feasible physical experiment, but it was possible in the computer replica of reality. The latter could be constructed only because all relevant kinetic parameters had been determined experimentally. In contrast to the usual computer modeling, the computer experimentation discovered hitherto unknown physiological behavior. Additional discoveries may pertain to effects of drugs, to the optimal compartmentation of metabolism, and to interference with trypanosome metabolism in the presence of glycerol.
This use of computer experimentation is not new to science as a whole. In fact, it is the ␣ and of computational physics. And in biology the method is known in the area of molecular dynamics and in the calculation of structures on the basis of NMR or x-ray data. However, to cell biology it is new, and it may indeed be a bit unexpected that one can calculate the consequences of a membrane from enzyme kinetic data. New as it may be, the method may prove increasingly useful in the era of functional genome analysis.
